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SYNTHESES  OP  1 , 1 ' -BICOBALTOCENE  SALTS  OF 
TETRACYANO-P-QUINODIMETHANE,  TETRABROMOQUINONE ,  AND 
TETRABROMODIPHENOQUINONE ;  AND  THE  STRUCTURE  OF 
1,1' -BICOBALTOCENE [ Co (III) Co (III) ] [TCNQ]3* 


CHAK-PO  LAU,  PHIRTU  SINGH,  SUSAN  J.  CLINE, 

REGINALD  SEIDERS ,  MAURICE  BROOKHART,  WAYNE  E.  MARSH, 
DEREK  J.  HODGSON,  AND  WILLIAM  E.  HATFIELD 
Department  of  Chemistry 
University  of  North  Carolina 
Chapel  Hill,  North  Carolina  27514 


The  reaction  of  1 , 1 ' -bicobaltocene [Co( III )Co( III )] - 
(PFg>2»  [ BFDCo( III , I II ) ] ( PFg ) 2,  or  the  analogous  mixed 
valence  compound  lCo( III )Co( II ) J  with  excess 


f (C2H5> 3NH] [TCNQ]2  and  TCNQ  yields  the  complex  salt 
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1 ,1 '-bicobaltocene[Co( III )Co( III ) J f TCNQ]^.  Reaction  of 

[BFDCo(III,III)  ]  (PFg>2  with  excess  tetrabroinoquinone 

(bromanil,  BA)  and  its  sodium  salt  produces  [BFD- 

Co( III, III ) ] [BA] 3,  while  reaction  with  tetrabromodi- 

phenoquinone  (TBDQ)  yields  [ BFDCo ( I I I , I I I ) ] [ TBDQ ] 3 .  The 

TCNQ  units  in  the  complex  salt  [BFDCo(  III ,  III )  HTCNQ]  3 

stack  to  form  an  alternating  chain  with  two  short, 

adjacent  interplanar  spacings  of  3.15  A,  followed  by  a 

longer  interplanar  spacing  of  3.45  A.  The  interplanar 

spacing  of  the  fulvalene  moieties  in  the  cation  is 

3.270  A,  and  the  cobalt-carbon  bond  distances  range 

from  2.012(5)  to  2.041 (5) A.  The  complex  salts  are 

diamagnetic,  and  the  electrical  conductivities  of 

_  o 

pressed  pellet  samples  range  from  3.0  x  10  to  3.0  x 

-4  -1  -1 

10  ohm  cm 
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INTRODUCTION 

The  relatively  high  electrical  conductivities  of  pressed 
pellet  samples  of  the  mixed  valence  compound  1 , 1 ' -biferro¬ 
cene  [Fe ( II ) Fe ( III )] t TCNQ]2 , 1 ' 2  where  [TCNQ]2~  is  the  tetra- 
cyano-p-quinodimethanide  radical  anion  dimer,  continues  to 

3 

attract  attention  since  the  mechanism  of  the  conductivity 
process  is  unknown.  The  analogous  1 , 1 ' -bicobaltocene  salts 
of  TCNQ  and  related  acceptors  such  as  tetrabromoquinone 
(bromanil,  BA)  and  tetrabromodiphenoquinone  (TBDQ)  are  of 
interest  in  this  regard  since  it  is  well  known  that  bico¬ 
baltocene  is  much  more  easily  oxidized  than  the  iron  com¬ 
pound,  and  a  different  degree  of  charge  transfer,  band  fil¬ 
ling,  and  electrical  conductivities  may  be  anticipated  in 
bicobaltocene  charge  transfer  salts.  Results  of  our  studies 
of  the  TCNQ,  BA,  and  TBDQ  salts  of  1 , 1 ' -bicobaltocene  are 
reported  in  this  Article. 


EXPERIMENTAL  SECTION 

Synthesis  of  TCNQ  Salts  of  Bicobaltocene 

The  hexaf luorophosphate  salt  of  bicobaltocene ( III, III )  was 

4 

prepared  by  the  method  of  Davison  and  Smart,  and  the  mixed 
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valence  salt  l^'-bicobaltocenefCodlDCodl)  ]  (PFg)  was 
prepared  by  the  method  described  by  Smart.5 

The  new  compound  1 , 1 '-bicobaltocene[Co(III )Co(III ) ]- 
[ TCNQ ] ^  resulted  from  the  reaction  of  the  mixed  valence 
•  hexaf luorophosphate  salt  with  a  mixture  of  lEt^NH] [TCNQ]2 
and  neutral  TCNQ.  However,  it  was  later  found  that  this 
compound  is  more  conveniently  prepared  from  1 , 1 ' -bicobalto- 
cene [Co( III ) Co ( III ) ] ( PFg ) 2 /  and  this  procedure  has  been 
described.*  The  simple  salt  1 , 1  * -bicobaltocene  [Codll )- 
Codll )  ]  [TCNQ]  2  was  prepared  by  the  reaction  of  l,l'-bico- 
baltocene[Co(III )Co(III ) ] ( PFg ) 2  with  a  stoichiometric  amount 
of  Li TCNQ  in  refluxing  acetonitrile. 

Synthesis  of  Bromanil  Salts  of  Bicobaltocene 

Sodium  bromanil  (0.48  g.,  1.1  mmole)  and  bromanil  (0.61  g., 
1.43  mmole)  were  dissolved  in  250  mL  acetonitrile  at  room 
temperature.  To  this  solution  was  added,  drop  by  drop,  a 
solution  of  [ BFDCodll ,  III )  ]  { PFg )  2  in  20  mL  acetonitrile.  A 
shiny  green  precipitate  formed  immediately.  After  addition 
of  [BFDCo( III, III ) ] ( PFg ) 2  was  complete,  the  mixture  was 
stirred  for  one  hour,  the  green  precipitate  was  collected, 
washed  with  acetonitrile  and  acetone,  and  dried  iji  vacuo  at 
140°  for  two  days.  The  yield  was  0.61  g.  Analyses:  Calc'd 
for  [BFDCodll,  III)][BA33  27.72%  C;  0.97%  H;  58.30%  Br; 
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5.84%  0;  and  7.17%  Co.  Found  27.50%  C;  1.01%  H;  58.73%  Br; 
5.91%  0;  and  7.23%  Co. 

Synthesis  of  Tetrabromodiphenoquinone  Salts  of  Bicobaltocene 

The  complex  salt  [BFDCo( III , III ) ] [TBDQ] ^  was  prepared  by  the 
same  experimental  procedure  used  for  the  analogous  bromanil 
complex.  Analyses:  Calc'd  for  [BFDCo( III, III ) ] [TBDQ]3  35.88% 
C;  1.49%  H;  51.20%  Br;  6.23%  Co;  and  5.20%  0.  Found  35.81% 

C;  1. 57%H;  51.31%  Br;  6.15%  Co;  and  5.19%  0. 

Physical  Characterizations 

Electron  paramagnetic  resonance  (EPR)  spectra  were  recorded 
using  a  Varian  e-3  spectrometer,  and  infrared  spectra  were 
collected  using  a  Beckmann  IR-4250  spectrophotometer.  Elec¬ 
trical  conductivities  of  pressed  pellet  samples  were  meas¬ 
ured  using  four  point  contacts  as  necessary  for  the  van  der 
Pauw  method^.  A  constant  current  of  10  microamperes  was 
supplied  by  a  Keithley  Model  227  constant  current  source, 
and  the  voltage  drop  was  measured  with  a  Keithley  Model  180 
nanovoltmeter.  Magnetic  susceptibilities  were  measured  as  a 
function  of  temperature  using  procedures  which  have  been 

g 

described  previously.  The  data  were  corrected  for  the  dia- 

g 

magnetism  of  the  constituent  atoms. 
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X-ray  Crystallographic  Studies 


Deep  red  crystals  of  1, 1 ' -bicobaltocene[Co( III ) Co ( III ) ] - 
[ TCNQ ] ^  were  obtained  by  slowly  cooling  a  hot  saturated  so¬ 
lution  of  the  compound  in  dimethylformamide.  Data  reduc¬ 
tion  and  all  other  calculations,  except  those  for  the  draw¬ 
ings,  were  done  with  the  CAD-4  SDP  set  of  programs  on  a  PDP 
11/34  computer.  Drawings  of  the  structure  were  made  using 
ORTEP-II.10  Details  of  data  collection  and  solution  of  the 
stucture  have  been  given  elsewhere.® 


RESULTS 


Description  of  the  structure  of 

1,1' -bicobal tocene [ Co ( II I ) Co ( II I ) ] [ TCNQ ] 


The  central  bond  distance  of  1.465(6)  A  in  the  fulvalene 
moiety  is  somewhat  longer  than  the  carbon -carbon  bond  dis¬ 
tances  in  the  rings,  the  latter  having  a  mean  value  of  1.420 
A.  The  fulvalene  ring  bonds  thus  have  more  double  bond 
character  than  the  central  bond  connecting  the  two  rings. 

The  mean  value  of  the  ten  ring  angles  in  the  fulvalene 
moiety  is  108.0°.  Each  five  membered  ring  of  the  fulvalene 
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moiety  is  planar,  but  the  two  five  membered  rings  of  the 
fulvalene  units  are,  however,  slightly  noncoplanar.  The 
dihedral  angle  between  the  mean  planes  of  the  two  five- 
membered  rings  is  1.3°.  There  is  complete  overlap  of  the 
corresponding  atoms  of  the  two  fulvalene  units  in  the 
cation.  The  distance  between  the  planes  of  the  fulvalene 
units  is  3.270  &  and  that  between  the  two  cobalt  atoms  is 
3.912(1)  A°.  The  distances  between  the  cobalt  atom  and  the 
carbon  atoms  of  the  fulvalene  rings  range  from  2.012(5)  ft  to 
2.041(5)  A°. 

There  are  two  crystallographically  independent  TCNQ 
units,  and  one  of  these,  TCNQ-2,  lies  on  a  crystallographic 
inversion  center.  The  estimated  standard  deviations  in  the 
bond  distances  of  the  TCNQ  ions  are  unfortunately  too  high 
( ^  0.007  A)  for  any  reasonable  estimate  to  be  made  of  the 

amount  of  negative  charge  associated  with  the  TCNQ  mole¬ 
cule.11  The  six  atom  ring  of  both  TCNQ-1  and  TCNQ-2  are  very 
nearly  planar,  but  the  TCNQ  unit  as  a  whole  is  slightly 
nonplanar  in  both  cases. 
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TABLE  1.  Electrical  and  Magnetic  Properties 


Compound 

Electrical  i 

ohm  ^  i 

Conductivity, 

cm  ^ ,  RT 

EPR,  RT 

g  value 

[ BFDCo ( I I I , I I I ) ] [TCNQ]3 

3.0  x 

10“2 
,  -6 

2.0023 

[  BFDCo (III, III) ] [TCNQ] 2 

5.0  x 

10 

2.0023 

[  BFDCo (111,111)] [BA]3 

3.0  x 

10“4 

2.0113 

[  BFDCo (III, III)] [BA12 

1.0  x 

V£> 

1 

o 

i-H 

2.0007 

[  BFDCo (III, III) ] ( TBDQ ] 3 

5.3  x 

10"3 

2.0132 

2.0058 

[ BFDCo ( I I I , I I I ) ] [ TBDQ ] 2 

2.0  x 

H* 

O 

1 

ON 

The  packing  of  the  ions  in  the  crystal  lattice  is  shown 
in  a  projection  along  the  a-axis  in  Figure  1.  It  can  be  seen 
that  the  TCNQ  anions  form  parallel  stacks  approximately 
along  the  b-axis  at  c  =  ±  1/2.  The  bicobaltocene  cations 
are  situated  in  between  the  TCNQ  anion  stacks,  and  these 
cations  do  not  form  parallel  planar  stacks.  All  of  the  TCNQ 
anions  along  a  stack  are  parallel  to  each  other,  the  dihe¬ 
dral  angle  between  the  least  squares  planes  of  TCNQ-1  and 
TCNQ- 2  being  only  0.2°.  The  stacking  distances  between  two 


centrosymmetrically  related  TCNQ-1  anions  is  3.45  A,  which 
is  a  normal  distance  for  the  van  der  Waals  separation  be- 
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tween  such  units.  The  stacking  distance  between  TCNQ-1  and 
TCNQ-2  anions,  however,  is  3.15  A,  which  is  an  extremely 
short  interplanar  separation  in  stacks  of  TCNQ  anions.  The 
modes  of  molecular  overlap  are  the  so-called  "ring  external 
bond"  type.*^  There  is  more  direct  atomic  overlap  between 
two  centrosymmetr ically  related  TCNQ-1  anions  than  between 
TCNQ-1  and  TCNQ-2  anions,  which  may  explain  partly  the 
smaller  stacking  distance  (3.15  &)  in  the  latter  case. 

Magnetic  and  electrical  properties 

The  magnetic  properties  of  all  of  the  compounds  prepared  in 
this  study  were  measured  with  a  vibrating  sample  magne¬ 
tometer.  All  of  the  compounds  were  diamagnetic,  although 
some  of  the  compounds  exhibited  resonances  in  the  EPR  spec¬ 
tra.  The  g  values  which  were  observed  are  given  in  Table  1. 

Room  temperature  electrical  conductivities  of  pressed 
pellet  samples  of  the  charge  transfer  compounds  and  simple 
salts  with  the  cation  1 , 1 1 -bicobaltocene[Co( III ) Co ( III ) ] n+ 
were  measured  using  the  four  point  van  der  Pauw  technique 
and  the  data  are  summarized  in  Table  1.  Room  temperature 
conductivities  of  the  simple  salts  were  several  orders  of 
magnitude  smaller  than  those  of  the  complex  salts. 
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DISCUSSION 

The  reaction  of  1 , 1 ' -bicobaltocenel Co( III ) Co( III ) )  ( PF g>2 
with  excess  [ Et^NH ] [ TCNQ ] 2  and  TCNQ  yields  the  complex  salt 
l,l'-bicobaltocene[Co<III)Co(lll) ] [TCNQ]^.  The  formation  of 
this  complex  salt  was  not  expected,  since  the  reaction  had 
been  designed  to  form  a  compound  with  a  TCNQ  to  cobalt  ratio 
of  two.  The  complex  salt  also  results  from  the  reaction  of 
the  mixed  valence  compound  1 , 1 ' -bicobaltocene [Co( III ) - 
Co ( II ) ] (PFg )  with  excess  [ Et^NH ] [ TCNQ ] 2  and  TCNQ.  In  this 
latter  reaction  apparently  the  "cobalt (II)  center"  is  oxi¬ 
dized  to  cobalt (III)  by  the  TCNQ.  Attempts  to  prepare  salts 
of  the  mixed  valence  cobaltocene  have  not  been  successful. 

Similar  to  the  formation  of  the  TCNQ  salt,  the  reaction 
of  [ BFDCo (III, III) ] ( PFg ) 2  with  excess  bromanil  and  its 
sodium  salt  yields  a  complex  salt  with  three  molecules  of 
bromanil  per  organocobalt  moiety.  The  simple  salt 
[BFDCo( III, III ) ] (BA] 2  can  be  prepared  by  the  reaction  of 
[BFDCo( III , III ) ] ( PFg ) 2  with  two  moles  of  bromanil.  The 
conductivity  of  the  simple  salt  is  about  three  orders  of 
magnitude  lower  than  that  of  the  complex  salt  (Table  3). 
Attempts  to  prepare  a  complex  salt  of  the  mixed  valence 
organocobalt  cation  (BFDCo ( III , II ) ]+  were  not  successful, 
since  reaction  of  [BFDCo( III, II ) ] ( PFg )  with  a  mixture  of 
excess  bromanil  and  sodium  bromanil  led  to  oxidation  of  the 
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cation  and  to  the  formation  of  [BFDCo( III, III ) 1 [ BA] 3 . 

The  reaction  of  [BFDCo( III , III ) ] ( PFg ) 2  with  excess 

tetrabromodiphenoquinone  and  its  sodium  salt  yields  the 

complex  salt  [BFDCo( III, III ) ] CTBDQ] 3.  The  simple  salt  [BFD- 

Co(lIl,Ill) ] [TBDQ]2,  which  results  from  the  reaction  of 

[ BFDCo ( III , I II ) 3 ( PFg ) 2  with  two  moles  of  NaTBDQ,  is  two 

orders  of  magnitude  less  conductive  than  the  complex  salt. 

Reaction  of  [BFDCo( III, II ) ] PFg  with  excess  TBDQ  and  NaTBDQ 

did  not  give  the  complex  salt  of  the  mixed  valence  compound, 

but  instead  yielded  [BFDCo( III, III )] [TBDQ] 3. 

The  TCNQ  units  in  [BFDCo( III , III ) ] [TCNQ] 3  stack  in  the 

solid  state  to  give  an  alternating  chain  which  may  be  viewed 

2- 

as  being  formed  by  the  stacking  of  [TCNQl3  units.  The  re¬ 
peat  distance  in  the  trimer  is  3.15  A  and  the  distance  be¬ 
tween  trimers  is  3.45  A.  It  is  of  value  to  compare  the  dis¬ 
tance  between  the  centers  of  TCNQn  in  other  chain  systems. 
Distances  are  3.091(2)  A  (60  K)12  and  3.168(2)  A  (298  K)13 
in  TTF-TCNQ,  and  range  from  3.20  A  to  3.45  A  in  other 
uniformly  spaced  cation  TCNQ  chain  compounds.3*  Neutral 

TCNQ  also  crystallizes  with  a  chain  structure  with  an 

19 

interplanar  spacing  of  3.45  A. 

A  vast  array  of  alternatingly  spaced  TCNQ  chains 
exists.  The  simplest  of  these  are  a  series  of  compounds  in 
which  there  is  pairwise  alternation  of  the  interplanar 
separations.  Particularly  germane  to  this  discussion  are 
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the  alternating  interplanar  spacings  of  3.162(5)  and 

o  20. 

3.423(10)  A  in  [ Fe(C5H4 ) 2 (CH2 ) 3 ] [TCNQ] 2 .  The  cation  in 
this  latter  compound  is  the  tr imethylenef errocenium  ion.  It 
is  tempting  to  think  of  these  compounds  with  large 
differences  in  the  interplanar  separations  as  being  chains 
of  non-interacting,  tightly  bound  dimers.  However,  the 
semiconducting  nature  of  the  electrical  conductivity  of 
these  materials  indicates  that  there  is  some  interaction 
between  the  dimers. 

Trimeric  units  similar  to  those  found  in  [bicobalto- 

21 

cene][TCNQl3  have  also  been  found  in  Cs2[TCNQ]3  and  (mor- 

22 

pholimum)2[TCNQ]3  although  the  alternation  spacings  in 
these  two  compounds  are  very  similar,  being  3.22-3.26  A  in 
the  former  and  3.24-3.25  in  the  latter.  The  alternation 
spacings  in  [bicobaltocene][TCNQ]3  vary  much  more  widely. 

A  first  approximation  to  the  bonding  in  the  TCNQ  chain 
involves  the  trimeric  unit  and  the  lowest  unoccupied  molec¬ 
ular  orbital  on  each  TCNQ  molecule.  Assuming  D2h  symmetry 
23 

for  TCNQ,  the  LUMO  is  B2g,  and  in  the  trimeric  unit  of 
idealized  point  symmetry  C^  the  three  LUMOs  combine  to  give 
one  bonding  level,  one  antibonding  level,  and  an  intermedi¬ 
ate  level  which  is  largely  nonbonding.  The  two  electrons 

associated  with  the  charge  transfer  in  the  formulation 
2- 

[ TCNQ ] 3  are  accommodated  in  the  bonding  level,  thereby 
accounting  for  the  short  interplanar  spacing  and  the  dia- 
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magnetism  of  the  compound.  This  picture  is  incomplete  since 
the  intertrimer,  interplanar  TCNQ-TCNQ  separation  is  rela¬ 
tively  small,  being  3.45  A,  and  a  refined  description  of  the 
electronic  structure  must  take  interactions  between  trimers 
in  the  chain  into  consideration.  The  interactions  between 
the  trimers  lead  to  the  relatively  high  electrical 
conductivity  of  this  semiconductor. 


1 
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CAPTION  FOR  THE  FIGURE 


FIGURE  1 


A  view  of  the  crystal  packing  along  the  a  axis. 
The  origin  is  in  the  center  of  the  figure  with  b 
going  down  and  c  to  the  right. 
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